We present a new measurement technique for fully characterizing a semiconductor laser beam. The reflections from both surfaces of a plano-convex lens are used to simultaneously capture the near-and far-field. The optical phase is then retrieved using the Gerchberg-Saxton algorithm with improved numerical operations.
Introduction
In many applications, a laser beam of high quality is of utmost importance. The standard way to quantify the quality of a beam is the M 2 value, which is a measure of how similar the beam is to the ideal shape of a Gaussian beam. More specifically, the M 2 value is the ratio of the beam parameter product of the measured beam to that of a Gaussian beam at the same wavelength, where the beam parameter product is the beam waist diameter multiplied with the divergence angle.
The most common techniques for measuring the M 2 value are either to monitor the power drop as a sharp object cuts into the beam, or to capture cross-section intensity profiles along the beam. Both techniques involve many measurements at two or more positions along the optical axis, since determining the beam parameter product requires accurate measurements of the near-field as well as of the far-field [1] . Thus measurements are in general made at different times, which for a pulsed or intermittent laser fail to produce a reliable measure of the M 2 value.
In this paper we describe a new technique for fully characterizing the beam and determining its M 2 value. This technique removes the uncertainty inherent in having to connect measurements spread out in time. Using a plano-convex lens, the two intensity profiles of the near-and far-field can be measured simultaneously on a single charge-coupled device (CCD) camera. The optical phase distribution of the beam can then be retrieved by the Gerchberg-Saxton algorithm [2] , after which the beam is fully characterized. The M 2 value is then easily calculated by simulating the insertion of a thin lens into the beam using a simple beam propagation method and making virtual beam cuts to find the beam waist and divergence. This technique of measuring the beam quality is easy to set up and perform.
Method
For many lasers it is difficult or even impossible to directly measure the intensity profile of the near-field of the laser beam due to the physical location of the beam waist. Furthermore, the high intensities of the near-field require very high attenuation to prevent saturation in the measurement device. The concept of the reported measurement technique is to simultaneously image the near-and far-field on a single CCD camera using the reflections from the flat as well as the curved surfaces of a plano-convex lens. When the lens is inserted into the laser beam at a small angle, the two reflections can be captured at two different positions on the CCD detector surface. The reflection from the curved surface of the lens will create an image of the near-field on the CCD, if the distances between the beam waist, the lens, and the CCD are carefully chosen. The field reflected from the flat surface will continue to propagate until it reaches the far-field regime and the CCD camera. The small detector surface of many CCD cameras sets a boundary condition for the distances between the beam waist, the lens, and the camera, since both images must fit within the surface and should preferably be equally large to provide the phase retrieval with as much information as possible. A further requirement is that the flat surface reflection should propagate a distance longer than the Rayleigh range to ensure that the intensity profile truly is the far-field. It can be shown numerically that all these requirements can be fulfilled simultaneously.
In the experiment used to examine this technique the beam from an optically pumped semiconductor disk laser (OP-SDL) was used. The near-field of this type of laser is particularly difficult to measure directly, since the beam waist is located inside the laser cavity. Therefore the intensity profile can only be measured by producing an image of the near-field with the use of, e.g. a lens, as in this method. As shown in figure 1 , an ordinary double-convex lens was used to create an auxiliary beam waist well outside the cavity, and this beam waist was then imaged by the reflections from the curved surface of the plano-convex lens. Moreover, the lens was coated with an anti-reflection (AR) coating at the laser wavelength to further attenuate the intensity falling on the CCD detector surface. Figure 2 shows two captured intensity profiles from a sample beam. The intensity profiles were used as input to the Gerchberg-Saxton phase-retrieval algorithm. The new two-step method [3] was used for the numerical propagation of the optical field back and forth between the positions of the near-field and the farfield. The optical phase distribution was retrieved and a simulation of the field propagating through a thin double-convex lens was performed, determining the beam waist as well as the divergence angle, see figure 3 . From this the M 2 could be determined.
Conclusions
A new technique for the full characterization of the beam from a semiconductor disk laser using simultaneously captured intensity profiles of the near-and far-field was presented. The technique used a simple setup and a convenient method for the phase retrieval using a novel method for numerical propagation. 
